Adult rat dorsal root ganglion (DRG) neurons cultured in the presence of 100-ng/mL NGF were reported to show spontaneous action potentials in the cell-attached recording. In this study, underlying mechanisms were examined in the whole-cell and outside-out voltage clamp recording. In 75% neurons with on-cell firing, transient inward current spikes were repetitively recorded in the voltage clamp mode at −50 mV in the whole-cell configuration (named "I sp "). I sp with stable amplitudes occurred in an all-or-none fashion, and was abolished by TTX (< 100 nM), lidocaine (< 1 mM) and a reduction of extracellular Na + (154 to 100 mM) in an all-or-none fashion, suggesting that I sp reflects spontaneous dicharges occurring at the loosely voltage-clamped regions. I sp was also observed in the excised outside-out patches and the kinetics and the sensitivity to TTX and lidocaine resembled those in the whole-cell. Spontaneous action potentials were also recorded in the current clamp mode. Small subthreshold spikes often preceded the action potentials. When the localized discharge affected a whole-somatic membrane potential to overcome a threshold, the action potential generated. These results indicate that the triggering sources of the action potential exist in the somatic membrane itself in NGF-treated DRG neurons.
Peripheral nerve injury frequently results in neuropathic pain, e.g. hyperalgesia and allodynia. Since neuropathic pain is poorly responsive to general analgesic therapy, it is difficult to improve patients' quality of life. Artificial injury of peripheral nerves in rats induces neuropathic symptoms (5-7, 17, 29, 36, 37) . Abnormal spontaneous firing was observed in sensory neurons of some animal model with nerve injury (8, 15) . Such abnormal firing is considered to cause spontaneous pain. Moreover, neither the pathogenic mechanisms of hyperexcitablity nor mechanisms triggering spontaneous discharges in dorsal root ganglion (DRG) neurons are completely understood. This seems to be a cause why neuropathic pain remains as an unsolved therapeutic problem. One of the neurotrophic factors, nerve growth factor (NGF), has been reported to induce hyperalgesia in rats (4, 19, 39) . Therefore, trials to use anti-NGF agents to cure neuropathic pains have been made (22, 24) . In spite of a pronociceptive action of NGF on neuropathic and inflamatory pains, trials to use neurotrophic factors as a therapeutic tool for neuropathic pain have also been made (28) . The action of NGF in pathogenesis of neuropathic pains is complicated: it is not restricted to the peripheral tissues, and NGF seems to have effects on the central versity. DRG neurons were isolated from adult male Sprague-Dawley rats (7-12 weeks old) using the procedures reported previously (18, 25) . Rats were sacrificed by the decapitation under the anesthesia with pentobarbital sodium (50 mg/kg B.W., i.p.). Ganglia were dissected from the entire length of the vertebral column. The corrected ganglia were incubated at 37°C in Ca 2+ and Mg
2+
-free phosphate-buffered saline (PBS) containing collagenase type IV (200-300 U/mL; Worthington Biochemicals, Lakewood, NJ, USA), DNAse I (0.12 μg/mL; Sigma, St Louis, MO, USA) and BSA (1 mg/mL, Sigma) for 2 h and then rinsed with PBS to remove collagenase. Next, ganglia were incubated in PBS containing trypsin (0.25% w/v; Invitrogen, Carlsbad, CA, USA) and BSA (1 mg/mL) for 15 min. After the enzymatic digestion, cells were gently agitated with a silicon-coated Pasteur pipette and centrifuged to remove the enzymes. The isolated cells were suspended in Dulbecco's modified Eagle medium (DMEM, Invitrogen) containing 4.5 g/L of glucose and cultured on coverslips coated with poly-D-lysine (Sigma). Cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO 2 until use. DMEM was supplemented with 10% fetal bovine serum (MP Biochemicals, Irvine, CA, USA), 100-U/ mL penicillin (Sigma), 100-ng/mL streptomycin (Sigma), and 5-μM cytosine arabinoside (Sigma). The culture medium was changed every 2 days. NGF-7S (100 ng/mL, Sigma) was added to the medium 3-5 days after the isolation of neurons. Neurons were used in the electrophysiological experiments after 4-10 days of culture.
Electrophysiology. The cell-attach patch, whole-cell and outside-out patch recording was made at room temperature (22-24°C) . Heat-polished glass electrodes with a 2.5-to 4-MΩ tip resistance were used. DRG neurons with a small diameter (10-30 μm) that had been reported to mainly include C-neurons in vivo (13) were used to record membrane potential and current. The normal bath solution consisted of (in mM): 144 NaCl, 10 NaOH, 6 KCl, 1.2 MgCl 2 , 2.5 CaCl 2 , 10 D-glucose and 10 HEPES (Sigma), and pH was adjusted to 7.4 with HCl. In order to adjust the concentration of Na + exactly, we used HCl to adjust pH. The Na + -reduced solution was made by the isotonic replacement of Na + with Nmethyl-D-glucamine + (NMDG + ; Merck, Darmstadt, Germany). The Ca 2+ -free solution was made by removing CaCl 2 and increasing the concentration of MgCl 2 to 5 mM. The pipette solution consisted of (in mM): 151.6 K-methansulfonic acid, 3.4 KCl, 5 Nanervous system (12, 20) . It is also reported that increased NGF in DRG causes an extension of sympathetic nerves that make synapses onto DRG neurons and transmit excitatory signals by releasing noradrenaline (23) . On the other hand, we found that DRG neurons isolated from adult rats and cultured in the presence of NGF fired spontaneously (18) . From these neurons, spontaneous action potentials (APs) were recorded in the cell-attached configuration without the intracellular dialysis with an artificial solution. ] i fluctuations were observed in the capsaicin-and icilin-sensitive DRG neurons, which are considered nociceptors, suggesting that NGF acts on nociceptive sensory neurons (16) . In DRG neurons of neuropathic model animals, spontaneous firing was observed at the injured site and also at the soma (8, 35) . Together with spontaneous APs, subthreshold membrane potential oscillation (SMPO) was recorded in the DRG neurons freshly isolated from nerve-injured rats by the intracellular recording of the membrane potential (2, 21, 33) and by the whole-cell patch clamp recording in the current clamp mode (26, 34) . The SMPO is considered essential to the triggering of the somatic APs in the isolated DRG neurons (2, 21) . On the other hand, in the excised DRG preparations treated with a K + channel blocking agent, 4-aminopyridine (4-AP), multiple sources were reported to function as a trigger of the spontaneous somatic firing (1) . In the DRG neurons in this preparation, ectopic discharges at T-junctions and neuroma endings near the injured sites of the nerve also triggered the somatic APs in addition to the somatic SMPO. Since neither neuroma endings nor T-junctions are present in the cultured DRG neurons, it is questioned how the somatic hyperexcitablity to fire spontaneously is composed, and where the triggering sources of the spontaneous firing exist in the NGF-treated DRG neurons. In this study, to know underlying mechanisms triggering the spontaneous discharges of the NGF-treated DRG neurons in culture, the voltage clamp and current clamp recording in the whole-cell and outside-out configurations was made.
MATERIALS AND METHODS
Cell isolation and culture. All animal experiments were performed in accordance with the guidelines stipulated by the ethical committee of Tottori Uni-stored at −30°C until use. Na-methansulfonic acid and K-methansulfonic acid were made from NaOH and KOH by mixing methansulfonic acid (Wako Pure Chemicals) at 1 : 1, respectively. All other chemicals used were of an analytical grade.
Data analysis. Data acquisition was performed at a sampling frequency of 40 kHz throughout the experiments by a personal computer (Macintosh; Apple, Cupertino, CA, USA) in conjunction with an analog/digital converter (Power Lab; AD Instruments, Castle Hill, NSW, Australia). Data were analyzed with Lab Chart (AD Instruments), Patch Master (HEKA), IGOR Pro (Wavemetrics, Lake Oswego, OR, USA) and Excel (Microsoft, Redmond, WA, USA). Data are presented as mean values ± SEM (n = the number of observations). Statistical significance was assessed by Student's t-test. Differences were considered statistically significant if P < 0.05.
RESULTS

Spontaneous current spikes in NGF-treated DRG neurons
Rat DRG neurons cultured in the absence and presence of NGF (100 ng/mL) were used for the patch clamp recording. After establishing a giga ohm seal, the cell-attached recording was made. Figs. 1A and B show typical traces of current responses recorded methansulfonic acid, 2 MgCl 2 , 1.3 CaCl 2 , 10 EGTA (Sigma) and 10 HEPES, and pH was adjusted at 7.3 with methansulfonic acid. The liquid junction potential between the pipette solution and the bath solution (approximately −10 mV) was corrected. Neurons were continuously perfused with the bath solution at a flow rate of 1 mL/min throughout the experiments. Currents and potentials were measured with a patchclamp amplifier (CEZ-2400; Nihon Koden, Tokyo, Japan or EPC-10; HEKA, Germany). Cell capacitances were determined by integrating area under a capacity transient current elicited by a −10 mV voltage step from the holding potential and a series resistance (Rs) was also calculated from the capacity transient and the cell capacitance. Voltage errors at the holding potential caused by Rs were less than 1 mV, and were not corrected. In some neurons, after the whole-cell recording, the voltage clamp recording in the outside-out configuration was made. The outside-out patch membranes were excised by gently taking off the pipette tip from the neuronal membranes. The tip of the pipette was placed farther than 5 mm from the soma during recording. Under this recording condition, there were no visible membrane structures connected to the original neuron, such as cytoplasmic tubes.
Drugs.
A concentrated stock solution of NGF-7S at 10 μg/mL was made by dissolving in DMEM and firing, I sp was observed in 113 neurons (75.3%). In the neuron shown in Fig. 1E , two kinds of I sp with two different amplitudes were observed. Another typical current trace including I sp from the neuron cultured for 3 days with NGF is shown in Fig. 2A . From this neuron, three kinds of I sp with clearly different amplitudes were recorded. Expanded traces of three typical I sp (numbered 1-3) are shown in B. Each I sp had a transient inward current followed by a small transient outward current. Among all tested neurons whose membrane capacitance was 25.4 ± 1.9 pF (n = 66), inward amplitudes of I sp varied from −27 pA to −2.5 nA and the averaged amplitude of I sp at −50 mV was −315 ± 36 pA. The frequency of I sp also varied among neurons: I sp was observed once every 30 seconds in one neuron, and more than 5 times a second in another. On the other hand, kinetics of I sp was relatively stable among tested neurons. Width time at 20%, 50% and 80% of the peak amplitude of the inward current was assessed to quantify the kinetics of I sp in the subsequent analysis (Fig. 2C) . The mean values of width time at 20%, 50% and 80% of I sp 23 independent neurons were 3.63 ± 0.36 ms, 2.08 ± 0.20 ms and 1.07 ± 0.07 ms, respectively.
Na
+ is a charge-carrying ion of I sp Since calculated reversal potential (E rev ) for Na + , Ca 2+ and K + in the whole-cell configuration was +88, +160 and −83 mV, respectively, inward component of I sp at −50 mV was expected to result from from the neurons cultured in the absence (A) and presence of NGF for 2 days (B), respectively. In the control neuron, only a stable holding current with a stable noise of about 20 pA was observed (A). On the other hand, spontaneous current spikes were observed in the some populations of the NGF-treated neuron as shown in B. An expanded current trace of a typical spontaneous event is shown in Fig. 1C . Previously we have reported that such spontaneous current spikes in the cell-attached configuration reflect the APs (18) . In this study, the whole-cell recording in the voltage clamp mode was made after the cell-attached recording. Figs. 1D and E show current traces after the membrane rupture in the same neurons as shown in A and B, respectively. In the control neuron, a stable holding current with no spontaneous event was observed at a holding potential of −50 mV (D). In contrast, spontaneously occurring current spikes, named here "I sp ", were recorded in the neuron cultured with NGF (E). Two examples of expanded traces of I sp are shown in F. In order to examine a correlation between spontaneous firing in the cell-attached configuration (on-cell firing) and I sp in the whole-cell configuration, the proportions of the number of the neurons showing I sp among all tested neurons with and without the on-cell firing were calculated. In this analysis, results from neurons cultured in the presence and absence of NGF were combined. In 673 neurons showing no spontaneous on-cell firing, only 29 neurons showed I sp (4.3%). In 150 neurons showing spontaneous on-cell Since two different amplitudes of I sp were recorded at each potential, traces of I sp with the larger amplitude were drawn. The kinetics of I sp was not affected by the change in the holding potential, but the amplitude of I sp significantly increased with increase in the negative holding potential. This result suggested that the decrease in the conductance for K + did not contribute to the generation of I sp . Therefore, it was expected that the increase in the conductance for Ca 2+ and/or Na + contributed to I sp . To confirm this point, effects of decrease in extracellular Ca 2+ and Na + concentrations on the amplitude of I sp at −50 mV were examined. As shown in Fig. 3D , removal of extracellular Ca 2+ did not show significant effects on the I sp amplitudes (n = 10), suggesting Ca 2+ was not a main charge-carrying ion of I sp . When extracellular Na + concentrations were gradually decreased, I sp suddenly disappeared in the presence of 100-mM Na + in an "all-or-none" fashion in the neuron shown in Fig. 3E . The Na + reduction to 120 mM abolished I sp in 2 of 9 tested neurons, and, that to 100 mM abolished I sp in the remaining 7 neurons. Reintroduction of Na + to 154 mM restored the I sp in all tested neurons. The calculated E rev for Na + in the presence of 154, 120 and, 100 mM of extracellular Na + was +88, +81 and, +77 mV, respectively. When the concentration of Na + decreased from 154 mM to 100 mM, the inward driving force of Na + decreased only 9.2% at −50 mV. Similar results were obtained when Na + was replaced with Tris + or choline + instead of NMDG + . (1 to 1000 μM, Fig. 4B ) were applied to the NGFtreated neurons. In the neuron shown in Fig. 4A , in the presence of TTX at the concentrations below 10 nM, I sp was observed. Although their frequency tended to decrease by TTX, the amplitude was similar to that of the control. However, in the presence of 100-nM TTX, I sp disappeared in an all-or-none fashion. Similar results were obtained in the seven other neurons: I sp was abolished by 0.1-nM TTX in 1 neuron, by 10-nM in 2 neurons, and by 100-nM in 5 neurons. Lidocaine similarly blocked I sp in an all-or-none fashion (Fig. 4B) . I sp was abolished by lidocaine at 100 μM in 1 of 6 neurons and at 1 mM in the other 5 neurons. These results indicate that the activation of VGSCs, i.e. regenerative discharges, resulted in I sp .
I sp reflects the local discharge
It is well known that compartments that cannot be voltage-clamped sufficiently exist in a voltageclamped cell in the whole-cell configuration. Axons and/or dendrites extending from the soma are candidates for such a compartment. The all-or-none blocking action of Na + reduction on I sp suggests a hypothesis that spontaneous discharges like APs occurred in such unclamped compartments and resulted in I sp . A depolarizing phase of the discharge might reflect the inward component of I sp , and an afterhyperpolarization, the outward component. To examine this hypothesis, we examined effects of the voltagegated Na + channel (VGSC) blockers, tetrodotoxin (TTX) and lidocaine on I sp . Increasing concentrations of TTX (0.1 to 100 nM, Fig. 4A ) and lidocaine I sp observed in excised outside-out patch After a series of I sp was recorded in the whole-cell configuration, patch membranes were excised and currents in the outside-out configuration were recorded at the holding potential of −50 mV. In 15 outside-out patch membranes excised from neurons showing I sp in the whole-cell configuration, a spontaneously and transiently activated inward macroscopic current was observed. In the neuron presented in Fig. 6A , I sp with two clearly different amplitudes were observed in the whole-cell configuration, while spikes with a single stable amplitude were observed in the outside-out configuration. Table 1 and Fig. 6C . The ratio of I sp amplitudes in the outside-out configuration to that in the whole-cell configuration in each neuron varied from 0 (means no outside-out currents) to approximately 0.3 (#2 and #6 neurons in Table 1 ). On average, the amplitude of I sp in the outside-out patch configuration was about one tenth of that in the whole-cell configuration. On the other hand, the width time of I sp was similar between the whole-cell I sp and the outside-out I sp . The duration of I sp in the outside-out patch membrane was slightly shorter than that of whole-cell currents at 50% and 80% level. This decrease in the duration of I sp in the outside-out patch membrane may result from decrease in the S/N ratio between I sp and the baseline noise. Since the kinetics of I sp in the outside-out patch membrane was similar to that in the whole-cell configuration, pharmacological and ionic properties were also examined. Similarly to the whole-cell I sp , the increase in the negative holding potential caused an increase in the amplitude of the outside-out macroscopic I sp (data not shown). The inhibitory effect of TTX on I sp was also seen in the outside-out patch membranes. In the patch membrane presented in Fig. 6D , TTX at 100 nM abolished I sp completely and reversibly. Figs. 6E and F showed an effect of the cocktail of TEA (3 mM), 4-AP (2 mM) and BaCl 2 (0.5 mM) on I sp observed in the outside-out Since repolarization in the AP results from an activation of voltage-gated K + channels, an effect of a cocktail of K + channel blockers: TEA (3 mM), 4-AP (2 mM) and BaCl 2 (0.5 mM) on I sp was examined. This cocktail inhibited completely the depolarization-induced outward K + currents in the whole-cell voltage-clamped DRG neurons used in this study (data not shown). Although I sp was observed in the presence of K + channel blockers, the kinetics of I sp was quite different from that before the exposure (Fig. 4C) . In the presence of K + channel blockers, the recovery of I sp to the baseline was clearly slower (Fig. 4D) . The parameters of I sp kinetics were assessed similarly as indicated in Fig. 2C (Fig. 4E) . The blockade of the voltage-gated K + channels significantly prolonged the width time at 10% and 50% of the amplitudes, supporting the hypothesis that I sp reflected the spontaneous discharges. Assuming that the spontaneous discharges occurred in loosely voltage-clamped regions of cell membranes, the membrane potential in those regions should be affected by the extracellular concentration of K + . To confirm this point, effects of the higher concentration of K + on I sp were examined (Fig. 4F ). In neurons showing I sp , when the concentration of extracellular K + was raised from 6 to 20 mM, the amplitude and the frequency of I sp were gradually decreased, the inward holding current slightly increased, and finally I sp disappeared. This blocking effect was reversible: After the concentration of K + returned to 6 mM, I sp reappeared. Similar results were obtained in the other 7 neurons.
Multiple amplitudes of I sp in one neuron
As shown in Figs. 1-4 , in many neurons multiple types of I sp with different amplitudes were recorded in the individual neurons. Another typical trace of whole-cell I sp with two different amplitudes is shown in Fig. 5A and some traces of I sp are expanded in B. In this neuron, I sp consisting of twin peaks (for example event #1) was observed. In the other case, two different I sp occurred with no interval (event #4). I sp with multiple peaks was rarely observed in neurons showing I sp at low frequency (less than 1 Hz), but was often observed in neurons with I sp at higher frequency. Each I sp with twin peaks has usually different amplitudes of peaks, each of which has similar amplitudes to I sp with a single peak in the same neuron. Amplitudes of I sp and the area under each I sp were plotted against the recording time in Fig. 5C and D, respectively. The amplitude and the area of each type of I sp were stable throughout the recording. The area under the I sp with twin peaks cording in the I sp -generating neuron are shown in Fig. 7A . In all I sp -generating neurons, spontaneous transient depolarizing spikes were observed also in the current clamp recording. The steady resting membrane potential between spontaneous spikes was −64.0 ± 1.6 mV (n = 14). In contrast, in the neurons showing no I sp , spontaneous firing was not observed also in the current clamp recording (Fig. 7B) . The resting membrane potential, recorded under the current-clamped condition from NGF-treated and non-treated neurons that showed no I sp , was −61.5 ± 1.9 mV (n = 16) and −62.5 ± 1.9 mV (n = 16), respectively. The resting membrane potentials among these 3 types of neurons were not different each other. In the quiescent neurons, a depolarizing current injection (c.i.) evoked an AP (Fig. 7B) , indicating that the quiescent neurons had normal excitability configuration. The exposure to K + channel blockers resulted in clear prolongation of the relaxing phase of I sp . Moreover, as is observed in the whole-cell configuration, a reduction of the Na + concentration in the extracellular solution from 154 mM to 100 mM caused the reversible abolition of the outside-out I sp in an all-or-none fashion (Fig. 6G ) and the removal of extracellular Ca 2+ had no effect on the amplitudes of I sp (data not shown). All these results were reproducible in 6 neurons. The kinetics, the pharmacological properties, and the ionic properties of I sp recorded in the whole-cell configuration and the outside-out configuration well resembled each other.
Spontaneous action potentials in the whole-cell current clamp mode
Typical traces of the voltage and current clamp re- cell configuration. It is likely that, complete APs with overshoots may be generated when such small spikes induced depolarization of the whole-somatic membrane overcoming a threshold level for the AP. In addition, similar to the effects on I sp , TTX (100 nM), lidocaine (1 mM) and the reduction of the extracellular Na + concentration to 100 mM resulted in the reversible abolition of the spontaneous discharges under the current-clamped condition (data not shown).
to fire. In many hyperexcitable neurons cultured in the presence of NGF, spontaneous APs with overshoot and subthreshold small and transient depolarizing spikes were recorded in the current clamp recording (Fig. 7C) . Expanded traces of the spikes numbered 1 to 4 in C are redrawn in D. Small depolarization, whose activation kinetics resembled small spikes, followed by the complete APs were observed. The small spikes may reflect spontaneous discharge in the small compartments that were loosely voltage-or current-clamped in the whole- 
DISCUSSION
Among the DRG neurons cultured in the presence of NGF and generating spontaneous APs in the cellattached configuration, 75% neurons showed I sp under the whole-cell dialyzed and voltage-clamped conditions. In contrast, I sp was recorded from only 4.3% of neurons showing no spontaneous firing in the on-cell mode. Therefore, I sp is likely to relate closely to the spontaneous APs in intact neurons. Each I sp had an initial inward phase and a subsequent outward phase that was inhibited by the K + channel blocking agents. The former could have resulted from the depolarizing phase of the discharge and the latter, the repolarizing phase. Namely, all results obtained in the whole-cell configuration supported our hypothesis that I sp reflects the discharge occurring in a loosely voltage-clamped membrane region. Multiple kinds of I sp with different amplitudes were recorded from the single DRG neuron (Figs. 1-5 ). The different kinds of I sp in each neuron never interfered in their amplitudes and occurred independently, indicating that more than two compartments generating I sp existed in single neuron. The difference in the membrane area of these compartments, i.e. the number of expressing ion channels related with the discharge, may result in the difference in the amplitude of I sp . Taking into consideration that I sp was recorded under the voltageclamped condition, I sp was physically an error of the voltage clamping. However, since this phenomenon was induced by biological treatment, the chronic treatment of DRG neurons with exogenous NGF, the induction of I sp by NGF had biological significance. The spontaneous discharges trigger APs, which in turn cause the fluctuation of the cytosolic Ca 2+ in nociceptive neurons as previously reported (16) . Since NGF concentration was reported to increase in the DRG after inflammation or nerve injury (24) , NGF-induced hyperexcitability of nociceptive neurons may be an underlying mechanism of the chronic pain following to the inflammation or nerve injury. Generally, DRG neurons extend dendrites and axons during culture. It is more difficult to clamp po- Parameters of I sp in individual neurons are presented as the mean ± SEM in both the whole-cell and outside-out configurations. *: P < 0.05, **: P < 0.01 against the corresponding values in the whole-cell configuration with Student's t-test.
tentials of local membranes on the dendrite and axon than those on the soma, and spontaneous discharges were more likely to occur at membranes far from the soma. Amir et al. reported that somatic discharges of DRG neurons excised from nerveinjured rats were triggered by multiple ectopic sources and concluded that neuropathic DRG neurons had at least three sources to trigger the spontaneous firing (1). One was neuroma near the injured site and others were a subthreshold membrane potential oscillation (SMPO) of the soma and an ectopic discharge at T-junction. The activity of the last two sources was reported to depend on somatic membrane potential. In the NGF-treated hyperexcitable DRG neurons in this study, the SMPO was not evident in the current clamp mode. Since, even under the voltage-clamped condition, spontaneous activities recorded as I sp were maintained, I sp at high frequency might mask or compete the possible SMPO.
In general, the outside-out patch configuration establishes a better voltage-clamped condition than the whole-cell configuration. While, surprisingly, I sp was recorded from the excised outside-out patch membranes. The pharmacological and ionic properties and the kinetics of I sp in the excised patch membranes well resembled those in the whole-cell configuration, indicating that the loosely voltage-clamped compartment that discharged spontaneously existed within an excised patch-membrane. Since the tip of the recording pipettes holding the excised outsideout patch membranes was kept farther than 5 mm from the soma, it was unlikely that the excised membranes were connected to the soma through a thin tube of the cytoplasmic membrane and the spontaneous discharges that occurred at the soma were recorded as an action current. Moreover, since the tips of the patch pipettes were placed on the center of the soma during the whole-cell recording, the excised patch membranes were derived from the somatic membrane. Although it was unclear what structures were included in the excised patch membranes and discharging spontaneously, it became evident that the triggering source of the whole-somatic action potential was included with in the soma itself of the DRG neurons. DRG neurons isolated from neuropathic model rats are reported to have hypersensitivity to inflammatory mediators including bradykinin, serotonin, prostaglandin E 2 and histamine (33) . It is also reported that NGF acutely applied to the DRG neurons isolated from normal animals potentiates the sensitivity of TRPV1 to capsaicin (30) (31) (32) . These results suggest that nerve injury or NGF treatment causes the potentiation of activity of excitatory receptors in DRG neurons. However, such mechanisms may not contribute in the DRG neurons cultured in the presence of NGF in this study. Since we made the patch clamp recording in the neurons continuously perfused with the artificial physiological solutions, it is unlikely that an excitatory mediator, e.g. ATP or glutamate, released from surrounding cells acted on the recording neurons. Moreover, I sp in the outside-out patch membranes excluded the possibility that continuous or spontaneous excitatory synaptic inputs induced the spontaneous discharges at the loosely voltage-clamped local membranes far from the soma. Therefore, we concluded that the chronic treatment of DRG neurons with NGF provided some intrinsic cellular mechanism causing the abnormal hyperexcitability to discharge spontaneously.
The upregulation of some excitatory ion channel on the soma may be a possible underlying mechanism. It was reported that NGF regulated the expression of the voltage-gated Na + channel: the NGF receptor, trk A, correlated with one of the voltagegated Na + channel, Na V 1.8, in the sensory neurons (9) , and NGF incereased the expression level of TTX-resistant Na + channles in DRG neurons (10) . To clarify whether the upregulation of TTX-resistant Na + channels contribute to the spontaneous firing in this study, we examined correlation between frequencies of spontaneous firing in the on-cell mode and current densities of Na + current through TTXsensitive and TTX-resistant Na + channels. However, significant correlation between them was not detected (data not shown), indicating that the expression levels of certain subtypes of the voltage-gated Na + channel were not the critical factor to cause the spontaneous firing in the NGF-treated rat DRG neurons in this study. It was also reported that chronic treatment of DRG neurons with NGF regulated the expression and activity of TRPV1 (3, 11, 14, 27, 38) . The spontaneous activity was observed under the condition that TRPV1 was not activated in this study. Therefore, it is unclear whether the activity of TRPV1 correlates with the hyperexcitability of the NGF-treated DRG neuron at present. We are investigating and would clarify this point in near future.
Under the current-clamped conditions, in many NGF-treated hyperexcitable neurons, spontaneous APs with queer shapes were observed. Since, in these neurons, spontaneous discharges are expected to occur at multiple separated compartments on the somatic membrane, these activities are likely to be recorded as small depolarization under the currentclamped conditions. In the case when these small depolarizing spikes overcame the threshold of the AP generation, complete APs with overshoots may be recorded after the small spikes. It was expected that sub-superficial environments below the loosely voltage-clamped compartments showing I sp were not dialyzed well with the pipette solutions and remained intact relatively. Therefore, spontaneous discharges in small somatic regions causing I sp probably played a role to trigger the whole-somatic APs in the NGFtreated DRG neurons. We have reported that the chronic treatment of the DRG neurons with NGF show the fluctuations of [Ca 2+ ] i in the absence of any stimuli and this spontaneous change in [Ca 2+ ] i occurs depending on the AP (25) . The amplitude of the fluctuation of [Ca 2+ ] i was significantly larger in neurons sensitive to both capsaicin and icilin than that in the other neurons (16) . Since these neurons are considered to be the nociceptor, NGF acts on the nociceptive DRG neurons and makes them hyperexcitable. If the intrinsic changes in the excitability of the somatic membranes of the nociceptive DRG neurons by NGF reported in this study occurred also in vivo, these hyperexcitable DRG neurons may cause some kinds of unusual pains, such as hyperalgesia or allodynia. Molecular basis of the underlying mechanism of the hyperexcitability is not clear at present. Further investigation of the hyperexcitable neurons described in this study may clarify one pathogenic mechanism of the neuropathic pain.
